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There are several main problems for improvement of the code "TRAP-97": the first is the
stabilization increasing of the numerical algorithm and the second is the optimization of time step in
simulation of the dynamic processes with different time constants.

For these purposes we use the monotone balance neutral schemes for approximation of the
energy and momentum equations and pure implicit schemes in time. Three-point parabolic-type
difference equation for computing of pressure is build on the basis of the continuity difference
equation.

There are several important conservation properties of original differential equations shoud be
keep in the numeric: the down flow substance transfer, conservation, neutrality. Namely these
means guarantee physical and realistic calculations in wide scale regime conditions.

Implicit stabilization method with linearization in the stabilization step is developed to solve
nonlinear system of difference equations. The sweep method is used for solution of the three-point

linear equations.
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PA3PABOTKA HESIBHOI'O METOJA YCTAHOBJIEHMS VTSI PACHETA
JANHAMUKU ABAPUUHBIX PEXKUMOB KO/IA "TPAII-97"

B.K. Apremses , 1O. H. KOpHI/IeHKO*’ C.N. 3aitnes**
( THL] P® - Quzuko-Onepeemuueckuti uncmumym um. A.U.Jletinynckoeo, OOHUHCK,
**OKB I'MJ][POIIPECC, Ilo0onvck)

B Hacrosimee Bpems mnpu oOocHOBaHHMM pabotocnocobHocTH u  OezomacHoctu ADC ¢
OTEYECTBEHHBIMU peakTopamu Tuna BBOP mmpoko ucnons3yercs nporpammubiii komiuieke "TPAII-
97". Komrmuiekc MO3BOJIIET aHAJIM3UPOBATh HECTALMOHAPHBIE TEIUIOTUIPABINYECKUE IPOLECCHl s
AKCIUTYaTallMOHHBIX pexUMOB SIDY, a Takke peXMMOB C HapylIeHHsIMH B paboTe o0OpyAoBaHUS U
aBapUMHBIX PEKHMMOB TUNA ‘“‘Majiasg Teub U “‘pa3pblB mHapornpoBoaa”. OCHOBHBIMH IpOrpaMMaMu
KOMILIEKCa, 00eCIIeUnBaOIIMMHI BBINIOJHEeHHE ero 3aaad, seisiores JJMHAMUKA-97 u TEUb-M-97,
UMEHHO JUIsI HUX TMpe/ulararoTcs paspadaTbiBaeéMble YCOBEPIICHCTBOBaHMA. B Hacrosimee Bpems
pacuetsl 1o koxy “TPAII-97” moTpebiastor OOJBbIIOE KOJMMYECTBO MAIIMHHOTO BpPEMEHH, 4YTO
CYUIECTBEHHO COKpAllaeT ONEPATUBHOCTh MPOBOAMMBIX ucciaenoBanuil. Iloatomy opHON w3
HEHTPaJbHBIX MPOOJIEM MOBBIIIEHHE YCTOMYHMBOCTH YMCICHHOTO aNrOpUTMa U ONTHUMH3AIUS BbIOOpa
BPEMEHHOI'O Iara mpyd MOJETUPOBAHUU MPOIECCOB KaK C OOJBIION, TaK M C MaJIOH TOCTOSHHOU
BpeMeHH. [ peanu3anuu 3TUX IeNel MpeanoiaracTcsl HesIBHbIA METO/I YCTAaHOBICHUS AJIs PeIleHus
CHCTEMBI, OITUCHIBAIONICH JMHAMUKY JBYX(a3HOTO MMOTOKA.

J7ig anmpoKCUMaluy ypaBHEHUH KOJMYECTBA JBUKEHUS U SHEPTUU UCTIOIB3YIOTCS MOHOTOHHbBIE
OajaHCHBIE HEWUTpAJbHBIE PA3HOCTHBIE CXEMBI, 110 BPEMEHH W YUCTO HESBHBIE CXEMBI; Ul pacuera
JaBJICHUS Ha OCHOBE PA3HOCTHOTO YPAaBHEHUS HEPa3pPBIBHOCTH CTPOUTCA TPEXTOUEYHOE ypaBHEHHE
napabonuyeckoro Ttumna. CoxpaHeHHWE BaXKHBIX CBOWCTB MCXOAHBIX TU(PEpeHINaTbHBIX ypaBHEHUH,
TaKUX Kak: MEepPEeHOC CYOCTaHIIMM BHU3 IO MOTOKY, KOHCEPBATHBHOCTh, HEHTPATbHOCTH IMO3BOJSET
MoJTy4aTh (PU3NYECKH PeaTUCTUYHBIE Pe3yIbTaThl B 00Jee NIMPOKOM JIMana30He PeKUMHBIX YCIOBUH.

Jlng pelieHust OMYyYEHHOM CHUCTEMBI HEIMHEWHBIX PAa3HOCTHBIX YPAaBHEHUH MOCTPOEH HESIBHBIN
METOJl YCTAaHOBJEHMsI C JIMHEapu3allMed Ha IIare YCTaHOBJIEHMA. JlJig pelleHus MoJy4aeMbIX
TPEXTOUCYHBIX IMHEHHBIX YpaBHEHHH Oy1eM HUCIOIb30BaTh METO]] IPOTOHKH.

1. MATEMATHYECKASA MOJEJIb.

PaccMoTpuM ypaBHEHHsS TUHAMHUKU ABYX(a3HOrO TEIJIOHOCHUTENS, KOTOPbIE 3allMChIBAIOTCS MpHU
CJIEIYIOIINX OCHOBHBIX JIOMYIEHUAX:

1. JIlBwxkeHue TEIUIOHOCHUTENS B TpyOompoBojgax M TpyOax mHaporeHeparopa paccMaTpUBAaeTCs B

NpUOJIMKEHNN PaBHOBECHOM MapOBOSTHON CMECH;

2. Tlponecc BckunaHus TEMJIOHOCUTENS MOJIaraeTcs TEPMOJMHAMUYECKH PAaBHOBECHBIM.
He yuuTsiBaeTcs BIUSHUE TEMIONPOBOJHOCTH B TEINIOHOCUTENE B AKCHAJIbHOM HaIIPAaBJICHUU.
4. TlpaBble yacTH B ypaBHEHMSIX KOJIMYECTBA JIBUKEHHUS M SHEPTrUU OyJeM BBIUUCIATH C yUETOM

YCOBEpIIEHCTBOBAaHUH, IPEJIOKEHHBIX B pazzeie 1.

VYpaBHeHHE HEPa3PHIBHOCTH UMEET BUJI:
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pa3pbiBa . B IEPBLIC CCKYHbI aBApHUH 3TOT YJICH BHOCUT Cyn.[@CTBCHHBIfI BKJIaJ B TEIJIOBOH 6anch, T. K.
HUIrpacT poJib BHYTPECHHUX CTOKOB SHCPIrMH, BO3HUKAIOIHNX 3a CUCT MaJCHHA JAaBJICHUA B KOHTYPC.
ypaBHeHI/IC COCTOAHUA UMCCT BHU/ .

T=TWU,V), h=hU)V), P=PU,)), (1.4)
U - BHYTpEHHsS yAelbHas YHEPTHs, V - YACTbHBI 00beM.
2. CpoiicTBa ypaBHEHHI MaTeMAaTHYECKON MO/e/IH.

PaccmoTpum cBolicTBa nuddepeHnuanbHbix ypaBaenuii cucremsr (1.1) — (1.3).
VY 100HO paccMOTpETh CUCTEMY M3 JIByX YPaBHEHMI:

op 0O
—+—pw=0, 2.1
ot azp @1
opS 0
—+—pwS=f, 22
o T3P f (2.2)
rae S — HekoTopas CyOCTaHIHUA, TMOJ KOTOPOH MOXET IMOApa3syMeBaThCs CKOPOCTb, JSHTAJBITHA,

KOHLEHTpalus U T. II.

[lepBoe BakHOE CBOMCTBO CBA3aHO C OCOOEHHOCTHIO KOHBEKTHBHOTO MEpPEHOCA: BO3MYILEHUE
pacnpoCTpaHsAeTCsl TOJIBKO BHHU3 MO NMOTOKY. [Ipym NmOCTpOEHMM pa3HOCTHBIX aHAJIOIOB 3TO CBOMCTBO
4acToO HapylIlIaeTcs; HapUMep, CXeMbl C CHMMETPHUYHBIMHU PA3HOCTIMH, (POPMAIBHO MMEIOIUE BTOPOU
MOPSAIOK TOYHOCTH, B KOHIIE KOHIIOB NPUBOAAT K HEYCTOWYMBOCTH, IMOSIBICHHUIO TaK Ha3bIBa€MBIX
MUI1000pa3HbIX pellleHni; MPUUNHON SBIIsIETCS HapylIeHHe CBOMCTB KOHBEKTUBHOTO niepeHoca. C Touku
3peHUs] BBIYMCIUTEIBHON MaTeMaTHKU 3TO MPOUCXOAUT MOTOMY, YTO JaHHAs Pa3HOCTHAs CXeMa He
SIBJISIETCSI MOHOTOHHOM (ompeneneHue cM.[2]). MOHOTOHHOM CXeMOil SIBIIIETCS CXeMa C HalpaBICHHBIMA
PasHOCTSAMH, KOTOpasi, SBISACH (OPMAIBHO MEHEE TOYHOH, TeM HE MEHee IO3BOJISET I0JIy4aTh
(bu3nyHbIEe Pe3yJIbTaThl PACUETOB.

JlpyruM Ba)KHBIM CBOMCTBOM SIBJISIETCSI CBOMCTBO, BbIpakaeMoe TeopeMor OcTporpaackoro —
l"aycca. Ecnu npounTterpupoBath ypaBHeHue (2.2) no otpesky [ 0, DZ | nomyuunm :

P Dz Dz
o Idez+(pr|Z:DZ—pr‘Z=0): [ sz 2.3)
0 0

CooTtHotenue (2.3) moka3bIBaeT, YTO CKOPOCTh U3MEHEHUs BeauunHbsl pS Ha ydactke [0,Dz],
OTIPE/ICIISICTCS TIOTOKAMU Yepe3 TPAHUIIBl U BHYTPEHHUMH HCTOYHUKAMHU (CTOKaMH) Ha 3TOM OTPE3KeE.



3

Ecomm cummeTpuyHas cxemMa COXpaHSET »JTO CBOWCTBO M SABISICTCS OallaHCHOW WM
KOHCEPBATHBHOM, TO CXEMa C HANpPaBIIEHHBIMH PA3HOCTSIMH OalaHCHOW He sBisieTcs. BakHO, 4TOOBI
pPa3HOCTHAs cxeMa coveTasia 00a CBOMCTBA KaK MOHOTOHHOCTb, TaK M KOHCEPBATHBHOCTD.

Eme ogqHuM Ba)KHBIM MHTErPAJIBHBIM CBOKWCTBOM SIBJISIETCS HEWTPaJbHbBINA BKJAJ KOHBEKTHUBHBIX
YJIEHOB B IUCCUTIALINIO SHEPruu. CrpaBeyIMBO CIAEAYIONIEe HHTErPAIbHOE COOTHOIIICHHE:

Dz 20 g 2 70 2 ty Dz

pS pS pS 3

—— dz+ijdz - ij dt _dez jfdz. (2.4)
0 0 0 z=Dz 0 z=0 0 0

Ecnmu cyOctanmust S sSBisieTcss CKOPOCTHIO, TO COOTHOIICHUE (2.4) uMeeT BaxHbBINH (pU3NUecKHii
CMBICJI, BBIPAKAKOUIUKACSI B TOM, YTO H3MEHEHHE KHHETHYECKOW HSHEPIHUU OINPENeNIeTCs MPUTOKOM
(cTOKOM) PHEpPruM Yepe3 TPaHUIBl U pabOTON MAcCCOBBIX W MOBEPXHOCTHBIX CHII, T. €. BHYTPEHHUU
KOHBEKTUBHBIN MEPEHOC YHEPreTUYECKH HEUTPAJIeH. ITO CBOMCTBO BaKHO COXPAHUTh IIPU YHCIECHHOM
MOJICTUPOBAHUYU, HHA4Y€ MOTYT BO3HUKHYTh HUCTOYHHKH (CTOKH) 3a CUET pPa3HOCTHOM CXEMBI,
M3MEHSIOIINE B KOHEUHOM UTOT€ MapocoiepKaHue B KOHTPOJIbHOM 00BEME.

Takum o00pa3oMm, ypaBHEHHS MaTeMaTH4YEeCKOW MOJAENTH O00JagaloT BaXKHBIMU CBOWMCTBAMU,
MMCIOIMMH  OYEeBUAHBIA (QU3MUeCKuil cMbIci. [lpu dYuCIeHHOM MOJENMPOBAHUM HEOOXOIUMO
COXpaHUTh BCE ATH CBOMCTBA. Bhillle MpuBEIEHBI TPUMEPHI C MIKPOKO PACTPOCTPAHEHHBIMU CXEMaMH,
KOTOpBIE NTOKA3bIBAOT, YTO aBTOMATUYECKH ITO HE MOITYYaETCs.

3. MonoToHHas 0asaHcHas HeliTpaabHass (MBM) cxema I 0AHOMEPHOT0 YPAaBHECHHS MEPEHOCA.

Benewm ceTky o koopauHare z
1 2 3 k K Dz

12 3/2 52 k-172  k+1/2 K-12 K+1/2

0S21/QSZ3/2S. 2z n<.. .SZK+1/2SDZ, k= 1, K+1 ,
BBEJIEM MPOMEKYTOUHBIC Y31bl Zx=0.5(Zk.121Zk+12), kK =1, K , IIaru CETKU OMPEIETUM CJICTYIOIIUM

obpazoM: Az&=zx+12-Zk-112, k = LK, Az = 221, k=2,K , Azp=0.5Az), Azk:1p=0.5Az.

OnpesieniM BpEMEHHYIO CETKY:
0=t<t1<H<. . 265 . SNSty, n=0,N, Aty=ty-ta1, n=1, N, AtiTAL+.. +AL+. . . FAtn=t).

ITpu BBIBOJIE Pa3HOCTHOTO YPaBHEHHS OyIeM HCXOIUTh U3 3aIHCH
op Opw

opS 8
__|__ S_ _+ S: , 3.1
a e\t e S G-

KOTOpas SBJISETCS MPOMEKYTOUHON Mex 1y dopmyiioit (2.2) u popmoii 3anucu

a_S+ Wa_S—f
Por TPV T

[TpounTterpupoBaB ypaBHeHue (3.1) 1o SUEHKe [Zk_1/2, Zk+1/2] TTOTYIUM

ron+l i n+l 1 on+l i n+l ’
ASk :—akSk_l _kak+1 +CkSk :fk’ 3.2)
rac
n+l
w
' n+l k—1/2
aj =pptt,, 2, (33)
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Wn+1/
n+l k+1/2
bk ==Pri112 5, (3.4)
n
o}
ch =al +b} + Az —F— 3.5)
tn+1
n
fi =Azp fr + Az (3.6)
n+l

CormacHo OmpejeNieHnio, JaHHOMY B [2], pa3HocTHas cxema Buja (3.2) sIBISETCS MOHOTOHHOM,
eciu

ap 20, b, 20, ¢} >ayj +bj. (3.7
MOHOTOHHBIE CXEMBI COXPAHSIOT CBOMCTBO KOHBEKTHBHOTO TepeHoca cybcraniun. O4eBraHO, 9TO

cxema (3.2) - (3.5) He sBISETCS MOHOTOHHOM.
Uto0sI caenath cxeMy (3.2) - (3..5) MOHOTOHHOH JOOABUM B Pa3HOCTHYIO CXEMY BBIpaKCHHE

Sn+1 _Sl’l+1 Sn+1 _Sn+1
n+l k+1 k k-1
_‘Wk+1/2‘AZk+1/2 A +‘Wk 1/2‘Azk 1/2 A o | (3.3)
k+1/2 k—1/2

Takol MoaxoJ 4acTO HA3BIBAIOT PEryJisipu3alMeil pasHOCTHOM cxeMbl. HeTpyIHO 3aMeTwuTth, 4TO

. 0 oS
BBIPAKCHUC (38) ABJIICTCS alIIPOKCUMAIIMCU BBIPAKCHUA )(a—lla—, rac Y B PasHOCTHOM BHJC
V4 4

MNPUHHUMACT 3HAYCHUC IIara CCTKH, a A - 3HaveHue MOIYJIsI CKOPOCTH.

[Tpu ncnonbp30BaHUU peryisipu3anui Bujaa (3.8) morpenHocTs anmnpokcuManuu nopsaaka O( Az ).
To4yHOCTH 1101I00HOTO BUA PETYJIAPU3ALINY TOBBIIIAETCSA, €CIIM yPAaBHEHHE MOJIENIN UMEET BUJL

%252 pus— e uS, 59
ot az 0z
T.e. TIPY BBIBOJIE PA3HOCTHOW CXEMBI NMPOM3BOJHBIE BTOPOTO IMOPS/IKA PAacCCMAaTPHBAIOTCS COBMECTHO C
MPOM3BOIHBIMU TepBOro mopsiaka. [loapoOHO pa3HOCTHBIE cxeMbl Uit ypaBHeHHs Buaa (3.9)
paccmarpuBaioTcs B pabore [3], TaM e paccMOTpEHBI MOHOTOHHBIE OallaHCHBIE HEWTpPaIbHBIE CXEMBI
JUISI MHOTOMEPHBIX 3a/1a4.

C yuetom (3.8) pazHocTHYIO cxemy (3.2) MOKHO 3amucaTh B BUJIC:

ASP = —ap ST b ST e ST = £ (3.10)
rae
1 1 1
A = O'SPZ:LIQ(WZ:LI/Z +‘W/’:i1/2 ) G.11)
_ n+l n+l n+l
bi = 0'5pk+1/2[_ Wi+1/2 +‘Wk+l/2 ) (3.12)
kAz
cp =ap +b, + P2k (3.13)
Atn+1
- P AZkSn
Ji = fihzg +——K (3.14)



Cxema (3.10) - (3.14) saBngercss MOHOTOHHOU, 00 aj; =20, by, 20, c; 2ay +by.

Hccnemyem CBOMCTBO OalaHCHOCTH WJIM KOHCEPBATUBHOCTH. ECIU MPOCyMMUpPOBATH YpaBHEHHE
(3.10) ot 1 go K, To momyunm

K A h+lon+l  ngn W”+1 ‘
BAL=Y Pr Sk ~PkSk Azy —plt+] K+1/2 (sn+l _gnily
= Ar k=Pgi1/2 5 WK+177K
k=1 n+1
Wfl/+21 Wn+1 Wn+1
n+1 n+l n+1 n+1 K+1/2 ,on+l1 n+l n+l 71/2 n+l n+1
P2 5 Ok TS0 IHPriin T 5 Sk TSk )Py S 4S50
K K n+l on+l
—kaAZk:ZT]k Sk AZk. (315)
k=1 k=1
rac
n+l n n+l n+l n+l n+l
nil _ Pk TPk Pr+1/2%k+1/2 7 Pr-1/2Vk-1/2
Ne = - :
Aty Az

®opmyna (3.15) mokaspiBaeT, 4YTO CKOPOCTh WM3MEHEHHsS BenuuuHbl pS B obOmactu [0, Dz]
OTIpeJIeIIIeTCS MPUTOKAMH (CTOKaMHU) Ha TPaHUIAX, IEHCTBHEM BHYTPEHHUX MCTOYHUKOB U BEIMYHHOM

K
ZUIICHIS;?HAZ]{ .
k=1
yIII/ITBIBaﬂ, 4TO MUTCpallMOHHasdA IIpoucaypa AOJDKHA IIPHUBOAUTL K JOCTATOYHO TOYHOMY
BBIITOJITHCHUIO ypaBHeHI/ISI Hepa3pBIBHOCTI/I

max 77;};“ <¢

9

rae OOBIYHO IIOJIATalT &£ ~ 10%+10 JUIsi Oe3pa3MEpHBIX BEJIUYHMH, TO JOTOJHUTEIbHBIE MCTOYHUKH
(croxku) B pasHocTHOU cxeme (18) He wrparor cymectBeHHOW ponu. Cxema (3.10) ycroitumBoi
a0COJTFOTHO, ¥ JIJISl HAXOKICHUS PEIICHHUSI MOYKHO MCTIOJIh30BaTh METO/ IPOTOHKH.

n+l

PasnoctHas cxema (3.10)-(3.14) sBasercss HEWTpadbHOM C TONpaBKaMHM Ha max Me | ™

k

BeNMUUHY perysipuzatopa (3.9) ( moapo6Ho cMm. [3]).
4. Pa3HoCTHBIE CXeMbl /IJIsl yPABHEHHIT MaTeMaTH4yecKoii Moaeu. PasHocTHasi cxeMma i
BBIYHUCJIEHNS TaBJICHHS.

Hcnonw3ys pe3ynbTaThl paseia 3, MOCTPOUM Pa3HOCTHBIC ypaBHEHU 11 cuctemsl (1.1)-(1.4).
3anunieM pa3HOCTHYIO CXeMY ISl YPaBHEHHS HEPA3PHIBHOCTHU:

n+l n n+l n+l n+l n+l
Pk~ Pk, Pk+1/2"k+1/2 = Pk-1/2"k-1/2 _, @
Aty Azy
NN
Azy (n+1 n) (n+1 n+1 n+l n+l )_
Aty Pk TP P2k 172 7 Pl-1/2Vk-12 =0. (4.2)

Jlisa ypaBHeHu# konudectBa ABMkeHUd (1.2) m sueprum (1.3) OyneM CTpOMTb MOHOTOHHBIE
OajaHCHBIE HEMTpalIbHBIE allIPOKCUMAIMH, PACCMOTPEHHBIE B pazjerne 2.3.
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[Tpounrterpupyem ypaBaenue (1.2) mo oTpe3Ky [zx,Zx+1] ¥ HUCHONB3Ys MOIXObI, pa3padOTaHHbBIC B
pazzene 2.3, IoJy4YrM TPEXTOUCUHYIO CXeMY BHUA:

n+l _  n+l n+1 n+l1 n+l1 n+1 n+l
Wi i1/2 = %1/2%k-1/2 ~ Ok i1/2Wk+3/2 F Ckr1/2Wk+1/2 =
_ _|pn+l _ n+1) n+1
= (Pk+1 B fkt1/20 (4.3)
rae
n+1 n+l1
+
k+1/2 = Pk 5 ’ '
n+l1 n+l1
— (W +w
k+1/2 = Pr+1 5 ’ '
n
Az
n+l Pl 17%k+1/2 n+l n+l
U2 = 4 P2 PPk (4.6)
n n
1 1 Pra1/2"k+1/2%%k+1/2
Swk1/2= s A2ks1+ : 4.7
Aty 1

3aMeTuM, 4TO BO3MOXKHO YJIYYIIIEHHE CBOWCTBA JMATOHAILHOTO MPEOOIaIaHus 3a CUET BKIIOUCHHUS
B (hopmyiny (4.6) TOTIOTHUTEIIBHOTO YJeHa

I
mp n+l n+l
Cfkfuz + 2620 ke1/2 = 20)
i=1

n+l1 ‘

n+l1
A2k 1/2Pk 1172 Wei1/2

2

VYpasaenne (4.3) moka HemuHEHOE, Tak Kak KOdPuiueHTsl (4.4)-(4.6) 3aBUCAT OT MCKOMOM

CEeTOYHOU (yHKUUU WZ__:__ll /2" JUis BBIYMCIIEHHS 3HAYEHUM W) II0 M3BECTHBIM Wi /2 U W1

Wir1/2 Y Wk-1/2
2
JInst ypaBHEHHSI DHEPTUU MOCTPOUM CXEMY ITOJTHOCTBIO aHAJIOTHYHYHO (0€3 CMeIeHus) cxeme

6y,I[eM HUCIIOJIB30BATh HHHeﬁHym AIllIIPOKCUMAIIUIO Wk =

(3.10).
n+l  _ n+l,n+l n+l ;n+l n+l ;n+l _ ,n+l
Hh 2 == et =Pk Peer e e =, (4.8)
rac
an~|—1 _05 n+l1 Wn~|—1 + Wn+l (4 9)
hk ~V2Pr—1/2\"k-1/2 T Wk-1/2|)° :
n+l _ n+l _.n+l n+1
Phk —0'59k+1/2( Wk+1/2+wk+1/2j’ (4.10)
n
Py A2k
n+l _ n+l n+l k
Chik =App Tox t————> (4.11)

Aty



Pn+1 _p" pnAZ B
+1 k +1, pn+l +1 k7ok Tk
Ik =k kK Ay Wl (P P )t Gk Az (4.12)
Aty Aty 41
[Tonmyunm pa3HOCTHOE ypaBHeHHE s AaBieHus. [[ns storo u3 ypaBHeHHs (4.3) BbIpazum
n+l
CKOPOCTb W) | 2
l’l+1 (—(P n+1_Pn+l)+fn+1 +V/%Wn+1 )/cl’l+1 (4 13)
k+1/2 k+1 wk+1/2 k+1/27" "k+1/2° '
rIe
n+l _ n+l n+1 n+l1 n+1
VW12 = %12 Y k=12 TP k12 VW k4320

[ToncraBum (4.3) B ypaBHeHue (4.2), Hoay4uM

(p n+l ( (Pn+l _P I’l+1)+fl’l+1 +V/I\/Wn+1

(p ,,+1 o)+ k+1/2 k+1 wk+1/2 k+1/2
Atn+ Pk n+1
k+1/2
n+l n+l1 n+l n+l
o B TP e 1/2+ka—1/2 0
P k-1/2 ot B
k- 1/2

Ilocnennee BBIPAKCHUC MOXKHO 3allUCaTh KaK TPCXTOYCUHYIO PAa3HOCTHYIO CXEMY IJII BBIYUCIICHUA
JaBJICHUA.

n+l _ n+1 n+l n+l ;n+1 n+1 n+l _ cn+l
BP  =—a Prl1=b o By e By ko (4.14)
rae
n+l
P
n+l _Tk+1/2
= 4.1
apk n+1 ’ (4-.15)
k+M2
n+l1
Io}
n+l _ k=12
= 4.1
bpk n+1 ’ (4.16)
“k-1/2
Cl’l+1 al’l+1 bl’l+1 (4 17)
pk " pk pk '
n+l
P A
n+l_ Az ontl ony TkH2 0 p4 n+1
7 pk Y (P =Py )™ ol i1 ka2 T W)t
k+1/2
+1
ol Y wk=1)2 k=127 '
“k-1/2

13 dopmynsl (4.17) cnemyer, utro pasHocTHas cxema (4.14) He oOmamaer CBOWCTBOM CTPOTOTO
JUATOHAIBHOTO Mpeo0aianus, KaKk 3T0 UMEET MECTO B CXeMaX IS pacdyera CKOPOCTH W DHTAIBITUU.

J171st TOBBIIIEHUST YCTOWYMBOCTH 1EI€CO00Pa3HO BBIPA3UTh MPOU3BOAHYIO 37 4yepe3 MPOU3BOJHYIO OT
t

JaBJICHUA W YYCCTb IMOJTYYCHHOC COOTHOIICHHEC IMPU COCTABJICHUU pa3HOCTHOﬁ CXCMBI. 3aMeTI/IM, qTo



nocjenHee MpeoOpa3oBaHME pa3HOCTHOM CXeMbl — JlelaeT 3aJady pacueTa JaBjieHUs 3ajgaudei
apaboIMIECKOro THIIA.

@opMmyIMpOBKa Pa3HOCTHOM 3alaud B LIEJIOM CBOJUTCS K PELICHUIO CHCTEMBI HEIMHEWHBIX
Pa3HOCTHBIX YPaBHEHUN:

n+l n+l1
w12 = wks1/2 (4.22)
HRH = (4.23)
n+l _ ,n+l
BRI = (4.24)

C YYETOM YpaBHEHHS COCTOSIHUS, TPAaHUYHBIX U HAYAJIbHBIX yCIOBUl. /i1 pereHuss 3TOH  CHUCTEMBI
PacCMOTPHUM METO/]T yCTAHOBJICHHS C JIMHEApU3allell YpaBHEHHM Ha 11are YCTaHOBJICHUS.

5. Meroa ycTaHOBJICHUS.

JIOMOIHUM  KaXJ0€ YpPAaBHEHHME CHUCTEMBl Pa3HOCTHOM aIllpOKCHMALMEN IepBOM
IIPOM3BOJIHON IO BPEMEHU YCTaHOBJIEHUS, T.€. OyJIeM paccMaTpUBaTh CUCTEMY BUA:

n
gL LIl n AZka1/n _ L o Azji1/2Wg41/2

w + — AT e , 5.1
ko2 TPk A T w2 Pl T A G.1)
A a Az h”
AT L+1 AT 141
A Az Pl
gL P/f“ Qn+1L Zk n;l,L+QZ+1,L k' ’ (5.3)
At pyp P AT 41

rae L — HoMep 11ara ycTaHOBIIGHUS WM UTEPALIUU.
. L
BepxHuii nHIEKC 0NEpaTopoB W, H", B* o3mauaer, uto KO3 QHIUEHTH B Pa3HOCTHBIX CXeMax
(4.3), (4.8), (4.14) BeIUMCHAIOTCS HA TPEABIAYIIEM IIIare YCTAaHOBIICHUS, B PE3yJbTaTe Pa3HOCTHHIC

YpaBHCHHA CTAHOBATCA JIMHEHHBIMHA OTHOCUTEILHO BEIIMYUH WZ_—:__II/L2+1 hZ+1’L+1 , P£+1’L+1 , 1 J1JIA

pelIeHUs] TPEXTOUCUHBIX PA3HOCTHBIX YPaBHEHUM MOXHO MCIOIB30BATh METO/] TPOTOHKH.

[Tapamerp A7 - mar ycTaHOBJEHUS — SIBJISETCS HWTEPAMOHHBIM TapaMeTPOM, TO3BOJISIONTUM
JNOOUBATHCS YCTOMYMBOCTH U CXOJUMOCTH MTEPAIMOHHOTO Mpoiiecca B 1ejaoM. OMBIT UCHONB30BaHUS
METOJa YCTAaHOBIICHHMS TIpH pEUIEHWHW JBYMEpPHBIX 3amad (cM. [3]) Tmoka3anm HaAEKHOCTh U
s¢dekTuBHOCTH Takoro moaxosa. [To mepe crabunm3anuu GpU3NIECKOro MpoIrecca MOXXHO MOCTENEHHO
YBEJIMYUBATh KaK BPEMEHHOM I11ar, TaK M IIar MeTO/Ia yCTaHOBJICHHS.

[To BpemMeHN OBLIM KCIONTH30BAHBI HESIBHBIE CXEMBI, TIOITOMY OTpaHUYCHHS HA BPEMEHHOW IIar
CYLIECTBEHHO OCJa0eBalOT, U B OCHOBHOM OHH CBSI3aHbl C TIOTPEUIHOCTBIO aANMpPOKCUMALIUU
MPOM3BOJIHBIX IO BPEMEHH, T.€. BBIOOp IIara 3aBUCUT OT XapaKTEPHOTO BpPEeMEHU (PHU3UIECKOTro
mporecca.

6. IlocaenoBaTeIbHOCTH BHIYHCJIEHHI.

[TocnemoBaTenbHOCTh BBIUYMCICHUH MOXET CTPOUThCS TO-pasHoMy. [Ipemnmaraercs
clleAyIomIast MpoIeaypa BEIYUCICHU Ha BPEMEHHOM II1are.
Ilar 1. BeryucnsieM 10 U3BECTHBIM BETMYMHAM C MPEIBIIYIIETO 1Iara yCTaHOBJICHUS KOd(DOUITUEHTHI 1
peraem ypaBHeHUe i qaBieHus (5.3).
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Iar 2. C HaliieHHBIM TI0JIEM JIaBJICHUS pellacM ypaBHEHUE KoJaudecTBa ABMxKeHUs (5.1). 3aremM MOKHO
nepeitu Ha cnenyromuid ar 3, mu6o BepHyThCs Ha [llar 1, T.e. OCyIIECTBUTH HECKOJIBKO COBMECTHBIX
UTEpalni AJ1 HAX0XKACHUS MOJII CKOPOCTH U JTaBJICHHUS.

Ilar 3. C HaiiieHHBIMU TIOJISIMH CKOPOCTHM U JIaBJICHHs peliaeM ypaBHeHHe sHepruu (5.2). 3atem
MOXKHO BepHyTbcs Ha Illar 1 u chemaTh HECKOJIBKO COBMECTHBIX WTepaluif, JuO0 mMeperTu Ha
CJIEYIOIIHHN [IAr BBIYUCIUTEIBHON IPOLIEAYPHI.

Ilar 4. IlepecunThiBaeM ypaBHEHHE COCTOSIHUS CpelIbl U 3aTeM Bo3Bpaiaemcs Ha Illar 1.

I/ITepaHI/IOHHHﬁ nponecc IpPeKpPamacTCd IIPpHW BBIIIOJIHCHHUH 3apaHCC 3aJlaHHbIX KpPUTCPUCB.

n+1

HaHpHMep, BAXXHBIM KPUTCPHUEM ABJISACTCA BCIIMYMHA mMax nk

k
HEpa3pbhIBHOCTH. J[EHCTBUTENBHO, TaK KaK B JAHHOM AJITOPUTME YPAaBHEHHE HEPA3PBIBHOCTH CIYKHT
OCHOBOM JUIs TIIOJNYyYEHMs YpPaBHEHMs I BBIYMCIICHMsS JaBICHHUS U $SBHO HE Y4YacTBYEeT B
BBIYMCIIUTEIIBHOM IIPOLECCE, TO PA3yMHO B XOJ€ WTEPAlMA KOHTPOJIMPOBATH 3Ty BEJIMYMHY Kak
XapaKTepUCTUKY TOYHOCTH pacuera B LIEJIOM, KOTOpas, Kak IOKa3aHO B pazfene 2.3, BIMAET Kak Ha
BBITNIOJTHEHHE OaaHca UMITYJIbCA U SHEPTUHU, TaK U Ha SHEPTUIO Pa3HOCTHBIX ONEPaTOPOB.
JIpyTuM BaKHBIM KPUTEPUEM MOXKET CIY>KUTh TOYHOCTH BBIMOJHEHUS OallaHca SHEpPruu.
Bo3MOXHBI U Apyrue KpUTEpUH OKOHYAHUS CUETA.

- TOYHOCTH BBITIOJJTHCHUS YPAaBHCHUA

3. MPOBEJIEHME PACYETOB ITIEPEXO/HBIX ITIPOLIECCOB B AKTUBHOM 30HE 1
IEPBOM KOHTYPE SIDY JUISI ABAPUI C MAKCUMAJIBHBIM PA3PBIBOM
«XOJIOJJHOM HUTKH».

PaccmoTpuM 3amauy mozpenupoBaHus aBapuu ¢ paspbiBoM [1y-850 “xonoxnoit mutku” I'UT no
nporpamme “TECH-M-97”, Bxoasmiei B komiiekc “TPAII-97”. Bea koncTpykius [ koHTypa 1o TpakTy
TEYEHMs] TEIJIOHOCUTENS pa3duTa Ha 3JIEMEHTapHble O0bEMBbI (SUEHKH), KOTOpblE OOBEIUHEHBI BO
B3aMMOCBSI3aHHbIE CTPYKTypHble 3JeMeHThl (cM. puc.3.1). KomuyecTBO CTPYKTYpHBIX 3JIEMEHTOB
onpeensieTcsi HEOOXOIUMOCTBIO PACCMOTPETh BCE AJIEMEHTHI KOHTYpa, HAXOJAIIUECS B Pa3TUUYHBIX
YCIOBUAX pabOThl, U MaKCHUMaJbHO BO3MOXHBIM YIPOIIEHWEM CXEMBbI pacyera. pabouas MeTs
o0beauHsIeT Bce paborocrmocoOHble meTnu. Takas cxema WCHOJB3yeTcss B Ciydae, eclid Bce
paboTOCTIOCOOHBIE METIM HAXOATCS B OJJUHAKOBBIX YCIOBHSIX.

B nporpamme nmeeTcsi BO3MOXHOCTh MOJICTUPOBAHUS /10 YETHIPEX HUPKYJSLIUOHHBIX TETENb,
HaxoJAIIMXCA B PA3IMYHBIX YCJIOBHUSAX, MMOAAYM OXJIAXKAAKOUIEH BOJABI Pa3IMYHBIMU CHCTEMaMU
aBapUNHOTO OXJIAXKICHHUS, MTOJIKIIIOUCHHS] KOMIIEHCATOPa JTABJICHUS U JIP.

Cremnenp pa3OMeHHs KaXJOro CTPYKTYpHOTO 3JEMEHTa OINpeAensercs IMelsMU pacyeTa, HO
OJIMHAKOBA JUIS BCEX PabOTOCIOCOOHBIX METENlb, TEOMETPHUSCKUE U THAPABINYCCKHE XapPAKTEPUCTUKU
paboTOCTIOCOOHBIX U aBApUITHON METENIb MOTYT OBITh Pa3IHYHBI.

[Tpu MoaenupoBaHUH HATIOPHOI U COOPHOM KaMep PeaKkTopa , B CBSA3H CO CI0KHOCTBIO TEOMETPHH
KaMep peakTopa, XapaKTepUCTUKH KaXJA0W SUYEHKH 3TUX JIEMEHTOB 3aJal0TCS OTAEINIBHO.

XosoaHble TPyOONpPOBOABI MOTYT OBITH BKIIOUEHBI B J0Oyr sueiiky HKP, a ropsuwue,
COOTBETCTBEHHO, B JIt00OYI0 stueriky CKP.

KomnieHcaTop naBieHUsT MOXET OBITh MOAKITIOYEH K JIF0OOMY DJIEMEHTY ropsidero TpyoonpoBoia
nepBoi pabOTOCTIOCOOHOM MITH aBapUHHOM TIETIIH.

B cucreme aBapuitHOTO OXJIaXJAEHUS aKTUBHOM 30HBI BBIICIISIETCS: TACCUBHBIN y3€II - EMKOCTH C
BOJIOM, HaXOMsIIEHCs MO/ NaBJeHHEeM rasa (MakCHMallbHO€ KOJIMYECTBO €MKOCTeH - 4), U aKTUBHBIN
y3€J1 - HAaCOChl aBAPUHHOTO BIIPHICKA (MAaKCUMAJIbHOE KOJUYECTBO - 12).

Kak aktuBHble, Tak u maccuBHble 3neMeHThl CAO3 MOryT OBITh MOJKIIOYEHBI B JHOOYIO
STYEHKY XOJIOJHOTO U TOPSYETo TPYyOOIPOBOIOB JTIOOBIX METENh U HEMOCPEACTBCHHO B KAMEPhI PEaKTopa.

Slueiiku CBsA3aHBl JIMHMSMHU II€PETEYEK, KOTOPBIE XAPAKTEPU3YIOTCS TUAPABIMYECKUMU
COMPOTHUBJIEHUSIMHA U UHEPIIUOHHOCTHIO.

['TIH MoryT OBITh BKJIIOUEHBI B JIIOOYIO STYEUKY XOJOIHBIX TPYOONMPOBOIOB METENb.
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JlanHast pacyeTHas cxema JaeT BO3MOXKHOCTb MOJEIHMPOBATh T€Yb M3 JIIOOOTO 3IEeMEHTa
aBapuitHON NETIM WU Kamep peaktopa. [lpu 3TOM mpemycMoTpeHa yTedka TEIIOHOCUTENs JH00 U3
OJTHOM sYeWKH, JMOO MpHU ABYXCTOPOHHEM HMCTEYEHHH M3 JBYX, COCETHUX IO cxeme, sueek. Kaxiabiit
naporeHepatop 1o Il KOHTYpy mpeacTaBIeH OJHUM CHEIHAIBHBIM 3JIEMEHTapHBIM 00BEMOM, B KOTOPOM
BBIJIETICH PAcUeTHBIM 3JIEMEHT MEepeMEeHHOro oObeMa. B 3TOM aneMeHTe MOAEeNUpYIOTCS MmapaMeTphbl
TEIUIOHOCUTES HaJl yPOBHEM MapOBOJISIHON CMECH.

[TaporpoBoAbl MpEACTaBIEHB OJHUM pPACYETHBIM OOBEMOM, COEAMHEHHBIM C TapOBBIM
IIPOCTPAHCTBOM TaporeHeparopoB. Mogaenupyerca paboTa cHUCTEMBl MOJAaYU NHUTATEIbHON BOJIBI,
CTOMOPHBIX KJIAllAHOB TYpOWH, OBICTPOJIEHCTBYIOMIMX PEAYKIMOHHBIX YCTPOHCTB cOpoca mapa,
[IPEIOXPAaHUTENBHBIX KIANaHOB Ha MaporeHeparopax, OBICTPOAECHCTBYIONIMX  3alOPHO-OTCEUHBIX
KJIaIlaHOB.

KonngectBo pacueTHpIX 00BEMOB B METISIX M Kamepax peakropa 10 100.B akTuBHOI 30HE MOKET
OBITh PACCMOTPEHO 10 5-TH KaHAJOB, OJUH W3 KOTOPBIX MOJEIHUPYET MPOTEUKH (KaHan Oe3 TBIJIOB).
KonnyectBo pacdyeTHbIx 00BEMOB 1O BbICOTE KaHamoB - g0 12. Illar MHTErpupoBaHHS CHCTEM
YpaBHEHUW TEIUIOTHIPABIUKH JIMMUTHPYETCS IMHOM MHHUMAJIBHOTO 3JIEMEHTa PACUETHOM CXEMBI,
MOSTOMY HEOOXOIMMO TP COCTABIICHUN PACUETHOW CXEMBI yUNTHIBATH TAHHBIHN (pakTop.

[Ipu mHTErpUpOBaHNM ypaBHEHUU ISl pacyeTa MapaMeTpoB TEIUIOHOCUTENS B MEPBOM U BTOPOM
KOHTYpaxX YCTaHOBKH MOXKET OBbITh MCIOJIb30BaH JIFOO0H U3 CIEAYIOIUX METOJOB: CIEIMAIbHBIN METO/,
OCHOBaHHBII Ha WCIOJIH30BAaHUU HESIBHOW CXEMbl B COYETaHMHM ¢ MeTojgoM HproToHa, nmubo MeTon
Olinepa-Komu BToporo nopsijka TOUHOCTU ¢ aBTOMATUYECKUM BbIOOPOM IlIara MHTETPUPOBAHUS. DTOT
ITOPUTM paboTaeT AOCTATOYHO HANECKHO M A(PPEKTUBHO MpU pPEUICHMH MHOTHX 3a]ad aHajiu3a
6e3onacHocTu 1Y, oHAKO TPH aHAIM3E CUTYyallud, XapaKTePU3YIOMIUXCS PE3KUM HECTAllMOHAPHBIM,
HEJIMHEHHBIM NTOBEJACHUEM HAaYaJIbHBIX U TPAHUYHBIX YCIOBUN TEPSET 3anac yCTOMUMBOCTH, CTAHOBUTCS
MeHee 3G GeKTUBHBIM. [/laiee 3TOT BapuaHT MPOrpaMMbl Ha3bIBAETCS 3aMOPOKEHHON BEPCHUEH.

Peanuzamusi mpeuioKEHHOTO airoputMa B I[eIOM U MoAudUKalMKM TMpaBbIX YacTei
UCTIOIb3YEMOM CHUCTEMBbl YpaBHEHHH 3aKOHOB COXpaHEHUs  TpeOyeT TiayOoKod mepepaboTKu
nporpammHoro komriekca TPAII-97.

Ha puc. 2-9 nokasansl pe3yJbTaThl pacueTa aBapuu MaKCUMalbHON IPOEKTHOM aBapuu
(c pasppiBom  JIy-850 “xomomHoit HuTkm® I'1IT) kak wHCMOAB30BaHWEM CTAHIAPTHOM, TakK M
MOJICPHU3UPOBAHHOU MeTOAMKU. [Ipy BBIXOAE HA OTHOCUTENIBHO CTAOMIM3UPOBAHHBIN pexuM (t>150 c)
MOAU(PUIIMPOBAHHBIN MOJAXO/A MO3BOJIIET YBEIMYMBATH IIar 3-5 pa3 (puc. 2-3), gaxke IpU COXpaHEHUU
NPEXHEro alropuTMa BbiOOpa 1mrara. MopaepHuzanus cnabo BIMSET Ha BBIUMCIEHHE TaKHUX
XapaKTEPUCTHK KaK: Macca TEIJIOHOCUTENSI B IEPBOM KOHTYpE, SHTAJIBINS HA BXOJI€ B aKTUBHYIO 30HY,
JIaBJICHWE Ha BXOJIE B aKTUBHYIO 30HY, BHIOPOC MMapa M BOJbI U3 T€UM B XOJ€ aBapuu U 1p. (puc. 4-7).
Haubonee uyBCTBUTENBHON pacyeTHOW BETUYMHON SBJISETCS Mepenaj JaBlIeHUS Ha AaKTUBHOW 30HE
(puc. 8), 1 Kak cleAcTBUE, TeMIepaTypa 000J0UYKM TBIA (pUC. 9), YTO MOATBEPKIAAET HEOOXOIUMOCTD
MOJIEpHHU3AIMH AJITOPUTMa pacyera AaBJICHUS.

Cnucok JurepaTypsbl
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2. Camapckuii A.A. BBegenue B Teopuro pa3HOCTHBIX cxeM. M., Hayka, 1971, ¢.552.
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Puc. 2. I3Mmenenue mara mno BPCMCHH B IIPOLECCCC pacuCTa aBapuun C
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Puc. 3. I3Mmenenue mara no BPCMCHH B IIPOLECCCC pacuCTa aBapuun C

paspbiBoM Jly-850 "xonoauoit autku" LT Ha ydacTke yCTaHOBIICHUS,
— - «3aMOpPOKCHHAs» BepcHsi, + - METOJl CTAaOUIU3aIUH.
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Puc. 4. Macca TenyoHoCcHUTeINs B IEPBOM KOHTYPE B XO/I€ aBapUU C
pazpsiBoM Jly-850 "xonoanoi vutku" I'UT;
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Puc. 5. I3MeHeHMe SHTaNbIINN HAa BXOJIE B AKTUBHYIO 30HY IIPU aBapUu C
paspsiBoM Jly-850 "xonoanoi vutku" I'UT;
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Puc. 8. [loBeneHne nepenaja 1aBaeHUs Ha aKTUBHOW 30HE B XOJI€ aBapHH C
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Puc. 9. Temneparypa 000JI09KH TB3J1a B XOJI€ aBapUU C
pazpsiBoM Jly-850 "xonoanoi vutku" I'UT;

— - «3aMOPOXKCHHas» BEPCUs, + - meTon CT8.6I/IJ'II/ISaI_II/II/I.



